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Abstract: We previously developed pluripotent rabbit embryonic stem cells (rbES) using a culture system supple-
mented with basic fibroblast growth factor (bFGF) and leukemia inhibitory factor (LIF), noggin and Y-27632 (referred 
to as iFLY). In present work, we explored multiple approaches to enhance the chance of deriving domed pluripotent 
rbES cells by inhibition of MEK, GSK, and PKC signaling pathways. Domed stated rbES were derived in defined 
medium supplemented with 15% KOSR, 103 IU/mL mouse LIF, 10 ng/mL bFGF and three inhibitors to the MEK 
(PD0325901, 1 µM), GSK3 (CHIR99021, 3 µM) and PKC (Gö6983, 5 µM) (3i). Domed rbES were passaged every 
3-4 days till passage 3-4 for the designated experiments. We showed that bFGF and LIF are indispensable for the 
derivation and maintenance of rbES; whereas the 3i medium containing inhibitors to the MEK (PD0325901), GSK3 
(CHIR99021) and PKC (Gö6983) were necessary for deriving domed rbES. Domed rbES possessed naïve ES mark-
ers as Rex1 and ERAS in addition to Oct4, Klf4, Sox 2 and c-myc by RT-PCR. Domed rbES showed positive staining 
for Rex1, Fgf4, Klf4, Nanog and Oct4 by immunofluorescence chemistry. Further deleting either one factor in 3i 
medium as CHIR99021, PD0325901, Gö6983 or bFGF resulted in disappearing of domed rbES colonies. The op-
timal concentrations of 3i contained 0.75 µM PD0325901, 2.25 µM CHIR99021, and 4.5 µM Gö6983. Our work, 
in combination of different inhibitors for deriving rabbit ES, supports that the network of signal pathways plays an 
important role in ES self-renew, propagation and maintenance, and sheds light on deriving authentic properties of 
rbES in an important yet understudied model animal species. 
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Introduction

Establishing rabbit genome line competent 
embryonic stem cells (ES) can be utilized for 
gene targeting to generate animal models for 
many human diseases such as cardiovascular 
diseases, stroke, diabetes, Alzheimer’s dis-
ease, cystic fibrosis, AIDS and retinal degenera-
tion [1, 2]. Although recently developed gene 
editing such as TALEN [3] and CRISPR/Cas9 [4] 
can effectively generate knockout and knock- 
in gene mutations, it is so far inevitable to rule 
out the possibility of genome off-target muta-
tion and mosaicism in targeted animals [5]. 
Recently, two-cell homologous recombination-

CRISPR can efficiently generated the large 
insertions of 700-1400 bp fragments franked 
with homology arms of 1-5 kb DNA lengths at 
endogenous loci [6]. It is realistic to develop 
humanized animal models, which a vast large 
human genome DNA fragment (such as 100 kb 
or more) can be introduced into targeted animal 
genome through homologous recombinant on 
ES [7]. 

Embryonic stem cells possess the characteris-
tics of self-renew with the plasticity of differen-
tiation into specialized somatic cell lineages 
and germ lines [8]. ES are proposed as naïve 
and primed states of pluripotency which defines 
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the distinction of embryonic cell un-restriction 
to cell lineage commitment [9]. The ground 
state of mouse ES self-renewal is established 
by inhibiting differentiation-inducing signaling 
mitogen-activated protein kinase (MEK) and 
glycogen synthase kinase 3 (GSK) [10]. A net-
work of gene transcription regulatory circuitry  
is delineated for ES naïve pluripotency [8]. 
Although pluripotent rabbit embryonic stem 
cells (rbES) have been established since 1994 
[11], there is not a naïve state of rbES proven  
to be germline competent while most of rbES 
have shown the characteristics of propagation 
and self-renewal, differentiation into three 
germ-layers by in vitro induction and teratoma 
formation [12, 13]. We previously derived rbES 
lines via iFLY medium by supplementing with 
the cellular factors for signaling pathways, 
including LIF (LIF/STAT3 pathway), basic fibro-
blast growth factor (bFGF, FGF/MEK path- 
way), noggin (bone morphogenetic protein, 
BMP pathway), and Y-27632 (Rho-associated 
protein kinase, ROCK inhibitor) [14]. The iFLY 
derived rbES has represented a morphology of 
flat cell colonies and pluripotent markers. It is 
reported that both mouse and rat ES [15, 16] 
can be derived with 2i medium containing LIF 
and inhibitors to GSK (CHIR99021) and MEK 
(PD0325901) with the domed cell colonies and 
possesses the germ line transmission, respec-
tively. We found that both LIF and bFGF are 
essentially required for rbES derivation and 
maintenance. However, 2i medium containing 
LIF and inhibitors to the GSK (CHIR99021) and 
MEK (PD0325901) are not sufficient for deriva-
tion of rbES lines [14, 17]. It is reported that 
inhibition of protein kinase C (PKC) signaling by 
inhibitor Gö6983 (PKCi) maintains mouse and 
rat ES self-renew, pluripotency and differentia-
tion [18, 19].

We studied the effects of different cellular fac-
tors and small molecule inhibitors of signal- 
ing pathways including LIF/STAT3, bFGF/MEK, 
GSK3 inhibitor (GSK3i, CHIR99021), MEK inhi- 
bitor (MEKi, PD0325901), JNK (c-Jun N-terminal 
kinase) inhibitor (JNKi, SP600125) [19-26], 
PKC inhibitor (PKCi, Gö6983), p38 inhibitor 
(p38i, SB203580) [19, 27], BMP inhibitor 
(BMPi, Noggin) [14, 28] and Forskolin (cAMP 
activator) [21, 22]. We derived rbES lines with 
three inhibitors to GSKi, MEKi and PKCi [19-21, 
25] in the medium supplemented with bFGF 
and LIF, in which rbES grew as domed cell colo-

nies as that naïve state of mouse ES. We 
showed that bFGF and LIF are essential for 
maintenance of domed rbES cells. The molecu-
lar analysis revealed that domed rbES cell lines 
derived by 3i possessed pluripotent makers 
similar to blastocysts, but distinct of flat rbES 
derived by iFLY. The success of deriving domed 
rbES provides the new approach to derive naïve 
state of rbES for biomedical research and gene 
targeting. 

Materials and methods

Reagents

All chemicals were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA), unless oth-
erwise indicated.

Animal maintenance, hormone superovulation, 
and blastocyst collection

Animal protocol was approved by the Animal 
Care and Use Committees of Nanjing Normal 
University (NSD-2013-30). This study was also 
performed in accordance with the recommen-
dation in the Guided for the Care and Use of 
Laboratory Animals of the National Institutes of 
Health. Sexually mature (6-12-month-old) New 
Zealand white female rabbits were superovu-
lated scheduled as three days with two 3 mg, 
two 4 mg, and two 5 mg injections of FSH 
(Folltropin, Canada), then by one intravascular 
injection of 150 IU hCG (Chorulon, USA). 
Hormone treated females were mated with 
males two times upon hCG injection. In vivo 
blastocysts were flushed on Day 4.5 post mat-
ing with D-PBS with 0.1% PVA, and cultured in 
2.5% FBS (HyClone, USA) B2 medium (Labo- 
ratories CCD, France) at 38.5°C in 5% CO2 and 
humidified air prior to embryo seeding.

Deriving domed rbES with small molecule in-
hibitors

Embryonic stem cells were derived from rabbit 
and mouse embryos with different medium 
conditions. Basically, basal ES medium consist-
ed of KnockOut DMEM (Gibco, USA) supple-
mented with 0.1 mM non-essential amino acids 
(Sigma), 0.1 mM β-mercaptoethanol (Millipore, 
USA), 2 mM GlutaMAX (Gibco, USA), 50 U/mL 
penicillin, and 50 µg/mL streptomycin (Hy- 
Clone, USA). iFLY consisted of 20% fetal bovine 
serum (FBS, HyClone, USA), 100 ng/mL Noggin 
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(Stemgent, USA), 10 ng/mL bFGF (Gibco, USA), 
10 ng/mL human LIF (Millipore, USA), and 10 
µM Y-27632 (Stemgent, USA) in base medium. 
The medium included different inhibitors (Table 
1) was arranged as (1) 2i consisted of 15% 
KOSR (knockout serum replacement, Gibco, 
USA), 103 IU/mL mouse LIF (Millipore, USA), 3 
µM CHIR99021 (Stemgent, USA), and 1 µM 
PD0325901 (Stemgent, USA), this 2i system 
was also used to derive naïve mouse ES in our 
laboratory and served as controls for rbES; (2) 
2iB consisted of 2i medium added with 10 ng/
ml bFGF (Millipore, USA); (3) 3i medium had the 
same constituents of 2iB medium, and supple-
mented with 5 µM Gö6983 (Selleck, USA); (4) 
4i included 2iB medium, and supplemented 
with 10 μM SP600125 (Selleck, USA), 10 μM 
SB203580 (Selleck, USA), but without Gö6983; 
(5) 2iF consisted of 2iB, and supplemented 
with 10 μM Forskolin (Selleck, USA). Flatted 
rbES was derived by iFLY approach in our labo-
ratory [14] and served as controls for domed 
rbES. Domed mouse ES was derived from 2i 
medium and served as the controls for rbES 
[24].

Prior to embryo seeding, the mucin coats and 
zona pellucida of blastocysts were removed 
mechanically using glass pipettes. Embryos 
were seeded on Mitomycin C treated mouse 
embryonic fibroblast (MEF) feeders. Five to 
seven days after plating, cell outgrowths were 
picked and dissociated into small clumps 
before re-seeding. Passaging was performed 
by incubating ES-like colonies with 0.25% 
Trypsin (Gibco, USA) for 3 min followed by plat-
ing small cell clumps at a density of 1×103 
cells/cm2 onto new feeders. Passaging was 

performed at 3-4 day intervals. Dissociated 
rbES were frozen in cryopreservation medium 
with 90% FBS and 10% DMSO, and then cells 
were stored in liquid nitrogen. Domed rbES at 
passage 3-4 were allocated to further experi-
ments. In order to determine whether any fac-
tor in 3i medium was not necessary for deriving 
domed rbES, one of PD0325901, CHIR99021, 
Gö6983, LIF and bFGF was deleted in 3i medi-
um (Table 2). 

Immunocytochemical staining for ES-specific 
markers

Immunostaining was performed with five ES- 
specific markers Oct4 (diluted 1:1000, ab- 
27985, Abcam, USA), Nanog (diluted 1:1000, 
AntiNanog-001, Lannuo Biotechnologies, Ch- 
ina), Klf4 (diluted 1:200, AntiKlf4-011, Lannuo 
Biotechnologies, China), and Fgf4 (diluted 
1:500, AntiFGF4-002, Lannuo Biotechnologies, 
China) and Rex1 (diluted 1:1000, ab28141, 
Abcam, USA). Briefly, rbES cells were fixed with 
4% paraformaldehyde for 10 min and permeat-
ed with 0.2% Triton X-100 (Solarbio, China) and 
0.1% Tween 20 (Sangon Biotech, China) for at 
least 10 min. Cells were then incubated in 
PBS-T (PBS supplemented 0.05% Tween 20) 
with 2% BSA for 30 min, followed by incubation 
with corresponding primary antibodies at 37°C 
for 1 h. Cells were washed with PBS-T for three 
times, and incubated with secondary antibody 
conjugated with FITC (chicken anti-goat IgG-
FITC, diluted 1:1000, SC-2998, Santa Cruz, 
USA; goat anti-mouse IgG-FITC, diluted 1:500, 
SC-2010, Santa Cruz, USA) at 37°C for 2 h. 
Finally, cells were washed 5 times with PBS-T, 
and stained with 10 µg/mL 4’,6’-diamidino-

Table 1. Deriving rabbit domed ES cells with different celluar factors
Factor Function 2i 2iB 3i 4i 2iF iFLY
1 μM PD0325901 MEK inhibitor + + + + + -
3 μM CHIR99021 GSK3 beta inhibitor + + + + + -
5 μM Gö6983 PKC inhibitor - - + - - -
10 μM SP600125 JNK inhibitor - - - + - -
10 μM SB203580 p38 inhibitor - - - + - -
10 ng/ml bFGF Growth factor - + + + + +
10 μM Forskolin cAMP activator - - - - + -
Embryonic stem cell derivation No No Domed No No Flatted
Footnote: Basal medium except iFLY as described in materials and mrthods was a knockout DMEM with high glucose con-
tained with 15% KSOR, 103 IU/mL mouse LIF, 2 mM GlutaMAX, 0.1 mM MEM NEAA amino acids, 0.1 mM 2-mercaptoethanol, 
1 mM sodium pyruvate and 50 µg/mL penicillin-streptomycin. Rabbit in vivo blastocysts were cultured in basal medium supple-
mented with different signal pathway celluar factors and inhibitors. Flatted rbES were derived in iFLY system seen in Methods.
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2-phenylindole (DAPI) for 10 min. Cells  
were observed under inverted fluorescence 
microscope. 

RT-PCR of pluripotent markers

RT-PCR was used to detect the expression of 
Rex1, ERAS, Oct4, Klf4, Sox2, C-myc and 
GAPDH in rbES derived using iFLY and 3i sys-
tems and blastocysts as controls. The primer 
sets from these pluripotent markers in included 
in Table 3. Total RNA was extracted with the 
RNeasy Mini Kit (Qiagen, USA) from rbES and 
blastocysts. Isolated RNA was eluted and used 
for RT-PCR. RT was carried out using 2.5 IU 
reverse transcriptase and random hexamers 
with approximately 0.5 µg total RNA at 20 µL. 
The solution was incubated at 42°C for 15 min. 
Four µL of RT products were used in subse-
quent PCR to amplify transcripts of those plu-
ripotent genes for ES. The PCR reaction was 
carried out in 20 µL containing 10 mM Tris-HCl 
(pH 8.3), 50 mM KCl, 2 mM MgCl2, 0.2 mM 
dNTP, 0.2 mM primers, and 0.4 unit Taq DNA 
polymerase. PCR was initiated at 95°C for 2 
min followed by 35 cycles of 30 s at 95°C, 30 s 
at 60°C, and 30 s at 72°C. All PCR reactions 
including the appropriate internal positive and 
negative controls were repeated three times. 

PCR product of 10 µL was analyzed on 1.5% 
agarose gel. 

Karyotyping

The cells were incubated in growth media sup-
plemented with 100 ng/ml colcemid (Karyo- 
Max Colcemid Solution, 15212-012, Invitrogen, 
USA) for 2-3 h at 38.5°C in 5% CO2. Cells at  
passage 5 were then trypsinized and pelleted 
at 1500 rpm for 5 min, suspended in 6 ml of 75 
mM KCl and kept in 37°C water bath for 10 
min. The cells were centrifuged and fixed in 
acetic acid/methanol (v/v=1:3) for 10 min. The 
centrifugation and fixing steps were repeated 
three times. For making a slide, the cell pellet 
was re-suspended in 0.5 ml acid/methanol 
solution and one drop of cell suspension was 
dropped onto a pre-chilled clean microscopic 
slide. The chromosomes were stained with 5% 
Giemsa (10092013, Invitrogen, USA) for 15 
min. The chromosomes were examined at 
1000× magnification under oil. 

In vitro differentiation of rbES cells into cardiac 
muscles

The domed rbES at passage 5 were induced  
to cardiac differentiation. The differentiation 

Table 2. The effect on different cellular factors on maintaining domed rabbit ES cells
Factor Function 3i 3i-PD 3i-CHIR 3i-PKCi 3i-bFGF 3i-LIF
103 IU/mL LIF STAT3 + + + + + -
1 μM PD0325901 MEK inhibitor + - + + + +
3 μM CHIR99021 GSK3 inhibitor + + - + + +
5 μM Gö6983 PKC inhibitor + + + - + +
10 ng/ml bFGF Growth factor + + + + - +
Embryonic stem cells Domed No No No No No
Footnote: Basal medium was a knockout DMEM with high glucose contained with 15% KSOR, 2 mM GlutaMAX, 0.1 mM MEM 
NEAA amino acids, 0.1 mM 2-mercaptoethanol, 1 mM sodium pyruvate and 50 µg/mL penicillin-streptomycin. Domed rbES cells 
at passage 3 were cultured in the basal medium supplemented with different signal pathway celluar factors and inhibitors.

Table 3. Primer sequences for RT-PCR analysis
Target gene Forward Primer (5’-3’) Reverse Primer (5’-3’) PCR Conditions Size (bp)
Rex1 CGGCATTCCAAGGCGTTC CCACCCTCCTTTCTCACGAC 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 163

ERAS GCCAACGTATACGGAGCCTT TCAGGCAGCTTTTTGCCAAC 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 85

Oct 4 CCTTCGCAGGGGGGCCTA CATGGGGGAGCCCAGAGCA 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 161

Klf4 GGGCAAGTTCGTGTTGAAGG TAACACTGATGACCGACGGG 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 74

Sox 2 CCGCTACGACGTAGCGCG CGAGCCCATGGAGCCGAGC 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 133

c-Myc GACGCGTCCTTCTCCCCCA CTCTGGTTACCATGTCACCG 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 112

GAPDH GGAGCCAAACGGGTCATCATCC GAGGGGCCATCCACAGTCTTCT 95°C 15 s, Annealing/Extension 60°C 72 s, 35 Cycles 233
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medium consisting of 80% DMEM/F12, 20% 
FBS, 0.1 mM non-essential amino acids, 1 mM 
L-glutamine, and 0.1 mM β-mercaptoethanol 
was applied for embryoid body (EB) induction 
and cardiac differentiation. The rbES colonies 
were detached from 6-well culture plates by 
incubating with 1 mg/ml dispase (Gibco, USA) 
solution at 37°C for 5-10 minutes. The differen-
tiation medium was used to dilute and stop 
enzyme reaction and the dispase was removed 
by centrifugation. After re-suspending in the 
differentiation medium, the colonies were dis-
sociated by slowly pipetting into small cell 
clumps and then placed in ultra-low attach-
ment plates (Corning, USA) for 5 days of sus-
pension culture. The emerged EBs were picked 
up and plated on a well of 6-well culture plates 
coated with 0.1% gelatin. The contracting cells 
were expected to observe after cultivation with 
the differentiation medium for additional 7-10 
days.

Statistical analyses

The densities of domed rbES colonies in differ-
ent inhibitor concentrations were determined 
and those data were transformed by an arc 
sine transformation. The transformed data 
then were analyzed by ANOVA (General Linear 
Model, SPSS 11.0, Chicago, IL). A p value <0.05 
was considered significant.  

Results

Deriving domed state rbES with CHIR99021, 
PD0325901 and Gö6983 inhibitor

We developed several rbES lines using an iFLY 
culture system containing bFGF, LIF, noggin, 
Y27632 and FBS (Table 1). These rbES lines 
form large, flat colonies (Figure 1A) morpho-
logically distinct from domed mouse ES colo-
nies (Figure 1B). bFGF is critical for deriving 
and maintaining these rbES lines, as its with-
drawal from culture leads to immediate cell dif-
ferentiation [14]. We then seeded rabbit blasto-
cysts onto MEF feeders in a 2i system contain-
ing CHIR99021 (GSK inhibitor), PD0325901 
(MEK inhibitor) and LIF which is effective for 
deriving and maintaining naïve mES capable of 
germline transmission (Figure 1B). Although 
rabbit embryonic cells formed domed like struc-
tures on day 2 post seeding in 2i, which may 
indicate the capturing of a putative ground-

state cell population, cell death began on day 4 
[14]. 

We next attempted to derive domed rbES in a 
3i culture system containing CHIR99021, 
PD0325901, and Gö6983 (PKC inhibitor) in 
addition to LIF and bFGF. Using this system, 
domed rbES (Figure 1C, passage 5), were 
derived from rabbit blastocysts with a morphol-
ogy similar to that of naïve mES (Figure 1B; 
Table 1). Likewise, we tried to derive rbES by 
combining different inhibitors and cell factors, 
defined as 2i, 2iB, 3i, 4i and 2iF (Table 1), only 
domed rbES were derived from rabbit blasto-
cysts in 3i medium. RT-PCR revealed that these 
domed rbES expressed typical pluripotent 
marker genes Oct4, Sox2, Klf4, C-myc similar to 
rabbit blastocysts and iFLY rbES (Figure 1D; 
Table 3, passage 4 for 3i, passage 4 for iFLY 
and rabbit blastocyst on D4.5). Strikingly, 
naïve-state pluripotent markers ERAS and 
Rex1 that are uniquely expressed in naïve 
mouse ES [9, 21] were highly expressed by 
domed rbES and rabbit blastocysts but not by 
iFLY rbES. Further domed rbES at passage 4 
were stained positive with Oct4, Nanog, Klf4, 
Fgf4 and Rex1 antibodies, respectively (Figure 
2). These results indicated that domed rbES 
could be derived toward a naïve state. The 
domed rbES showed 65% normal karyotype 
with 42+XY chromosomes (Figure 1E, n=44). 
Furthermore, EB formation showed domed 
rbES had differentiated into cardiac beating 
cells (Figure 1F).

Domed rbES were indispensably dependent 
upon three small molecule inhibitors

Upon deriving domed rbES with 3i medium, we 
proposed to derive rbES by deleting one inhibi-
tor/cell factor. As a result, there was not any 
rbES colonies maintained from any combina-
tions by eliminating one factor of CHIR99021, 
PD0325901, and Gö6983, LIF and bFGF (Table 
2). We further cultured domed rbES in modified 
3i systems with concentrations of the three 
inhibitors reduced to 1/8, 1/4, 1/2 and 3/4 of 
that in the original 3i medium. The original con-
centrations of 3i medium consisted of 1 µM 
PD0325901, 3 µM CHIR99021, and 5 µM 
Gö6983. We observed no domed rbES colonies 
in basal medium (Base-3i), but gradually 
increased densities of domed rbES colonies 
with greater inhibitor concentrations (P<0.05; 
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Figure 1G, passage 3). However, domed rbES 
colony density was similar between the original 
3i medium and 1/4 3i culture medium (P>0.05; 
Figure 1E), indicating that higher concentra-
tions of inhibitors may be toxic to rbES. The 
optimal concentration of inhibitors was 3/4 of 
the original 3i (Figure 1G), which were 0.75 µM 
PD0325901, 2.25 µM CHIR99021, and 4.5 µM 
Gö6983.

Discussion

In this study, we have demonstrated that 
domed rbES can be derived by small molecules 

inhibiting MEK (PD0325901), GSK (CHIR99- 
021) and PKC (Gö6983) signal pathway. The 
domed rbES were morphologically distinct from 
those derived from iFLY (Figure 1A), but resem-
ble to mouse naïve ES routinely established in 
our laboratory (Figure 1B). Acquiring the ground 
or naïve state of rbES has been very challeng-
ing. We previously reported the establishment 
of pluripotent rabbit rbES lines using the FL and 
iFLY [14] system. These cells, as all other rabbit 
ES and induced pluripotent stem cells (iPSCs) 
reported to date share typical properties of 
primed stem cells and all failed to transmit into 
germ cells [29, 30]. Although the ground state 

Figure 1. Rabbit ES derived from iFLY and 3i medium. A. Flat colonies of rbES derived from iFLY. B. Naïve state and 
domed mouse ES derived by 2i (PD0325901, CHIR99021) proven to be germline transmission in our laboratory. 
C. Domed rbES colonies from 3i (PD0325901, CHIR99021, Gö6983). D. RT-PCR of pluripotent marker genes on 
domed rbES at passage 4 in 3i, iFLY at passage 4 and rabbit blastocyst on D4.5. Marker genes Rex1, ERAS RNAs 
were expressed in domed rbES (3i) and blastocysts while absent in flat rbES (iFLY). Oct4, Klf4, Sox2, C-myc were 
expressed in rbES in both conditions. E. The G-banding karyotype of domed rbES at passage 5, the domed rbES 
were identified as 42+XY, with 65% normal karyotype (n=44). F. Domed rbES at passage 5 were differentiated into 
cardiac beating cells after directed cardiac induction. G. The effect of concentration of 3i on growth of domed rbES. 
Domed rbES at passage 4 were cultured in ES medium supplemented with different concentrations of 3 inhibitors. 
The original of 3i ES medium contained 1 µM PD0325901, 3 µM CHIR99021 and 5 µM Gö6983. Base-3i was ES 
basal medium added with LIF + bFGF, but without 3 inhibitors served as controls. Bar=50 µm. 
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of mouse ES is established by only inhibiting 
MEK and GSK, which proves LIF is dispensable 
for naïve mouse ES [10], naïve mouse and rat 
ES characterized by the help on LIF/STAT3 sig-
naling pathway and independency on FGF for 
maintenance of pluripotency, can be efficiently 
derived and maintained in 2i/3i-LIF conditions 
containing LIF and inhibitors to GSK, MEK path-
ways, readily contribute to the germline cells 
[31-33]. To date, mouse and rat remain the only 
mammalian species in which germline trans-
mitting ES are available, despite large amount 
of work by many groups to derive naïve ESs in a 
number of non-rodent species.

It is necessary that the collaboration of multi-
ple and different gene regulatory circuity is piv-
otal for ES self-renew [8], especially for deriving 
and maintaining domed state rabbit ES in our 
study. Small molecule inhibitors to multiple sig-
naling pathways, except MEK and GSK, have 
been explored in non-rodent species [34]. Re- 
cent work found that inhibitors to JNK, P38, 
PKC, ROCK, BMP, BRAF and SRC signal path-
way are beneficial for naïve human ES [35,  
36]. In the present work we demonstrated that 
combined treatment of three inhibitors to MEK, 
GSK, and PKC had significantly promoting ef- 
fects on the maintenance of domed rbES after 
different combination of small molecule inhibi-
tors. Either two inhibitors of MEK (PD032590), 
GSK (CHIR99021) (2i) [15, 16, 37] or two inhibi-
tors plus bFGF (2iB) [14, 17] could not support 
rbES formation. Likewise, adding 4 inhibitors 
(4i) as MEK (PD032590, GSK (CHIR99021), 
JNK (SP600125), P38 (SB203580) together 
with bFGF [19-23, 25, 26] was not successful 
for deriving rbES, neither did MEK (PD032590), 
GSK (CHIR99021) together with Forskolin (2iF) 
[21, 22] (Table 1). It is noticeable that PKC in- 
hibitor (Gö6983) in collaboration with the inhi- 
bitors of MEK (PD032590), GSK (CHIR99021) 
remarkably promoted the formation and growth 
of domed rbES colonies. This indicates that 
PKC inhibitor plays a major role in the network 
of signal pathways. It is reported that inhibition 
of PKC signaling promotes rat ES self-renewal 
and contributes germline transmission [19]. 
PKCi, Gö6983, can inhibit PKCz-NK-κB-micro- 
RNA-21/microRNA-29 regulatory axis which 
maintains rat ES-specific epigenetic modifica-
tion of pluripotency genes, in turn, results in 
their gene expression [19]. In addition, the syn-
ergistic inhibiting of three signal pathways 

(MEK, GSK and PKC) is necessary for isolation 
and maintenance of domed rbES. Our study 
revealed that further deleting one of any  
factors (PD032590, CHIR99021, Gö6983 or 
bFGF) resulted in a failure of rbES derivation.  
It is noticed the fact that PD032590 inhibits 
MEK and CHIR99021 inhibits GSK to release 
β-catenin is necessary for maintaining naïve 
pluripotent states [21, 38]. In this study, domed 
rbES need both bFGF and PD032590, it seems 
that its mechanistic regulation is contradictory, 
because bFGF stimulates MEK signal pathway 
while PD032590 inhibits the same pathway. 
One explanation addresses that the complex 
process of signal pathways exist in rabbit ES, 
that is FGF signal pathway have dual functions 
that stimulating both MEK and AKT (protein 
kinase B, PKB) pathways [29, 39]. Ying et al. 
(2008) reported that combination PD184352 
and SU5402 inhibitors could significantly de- 
crease phosphor-ERK levels, but FGF activated 
both PI3K (phosphatidylinositol 3-kinase)/Akt 
(Protein Kinase B) and Ras-MEK signaling cas-
cades [10]. In other words, although PD032590 
inhibits MEK signal pathway that induces 
primed ES process [21], bFGF functions as  
an alternative regulation of PI3K-AKT pathway 
that is important for gene activation [39, 40]. 
Actually PI3K/Akt signal transduction pathway 
is a famous mediator of growth promoting and 
cell survival cascade, it is actually present and 
functional in mammalian preimplantation em- 
bryos [41]. Likewise, it cannot be excluded the 
possibility that PD032590 may not complete 
block MEK pathway, and it is reasonable that 
the partial blockage of MEK may be helpful for 
naïve related gene expression. In the future 
study, we will dissect this complicated signaling 
network. However, our study has clearly dem-
onstrated that combination of different inhibi-
tors in deriving rabbit domed ES which possess 
the properties of naïve pluripotent markers, 
and it supports the hypothesis that the network 
of signal pathways plays an important role in ES 
self-renew, propagation and maintenance. By 
reducing the concentration of inhibitors in origi-
nal 3i medium (1 µM PD0325901, 3 µM 
CHIR99021, and 5 µM Gö6983) to that of 1/8, 
1/4, 1/2 and 3/4 of original concentrations, 
the domed cell colonies increased significantly 
from base-3i medium (without 3i) (Figure 1G). 
We further confirmed that the best concentra-
tions of 3i medium for maintaining domed rbES 
contained the concentrations of inhibitors as 



Deriving domed rabbit ES

5129	 Am J Transl Res 2019;11(8):5122-5133

0.75 µM PD0325901, 2.25 µM CHIR99021 
and 4.5 µM Gö6983. The original usage of 3i 
reduced the rbES cell density, indicating the 
high concentration of inhibitors may be toxic for 
domed rbES. The further study may be needed 
to reduce individual inhibitor in the combina-
tion to acquire the better deriving efficiency.

It was recently shown that deriving and main-
taining naive human and monkey ES require 
bFGF [35, 36], which for a long time has been 
considered as a factor for deriving primed state 
ES, based on knowledge gained from mouse 
and rats. We found that bFGF and LIF are also 
indispensable for the derivation as well as the 
maintenance of rbES. Without bFGF supple-
mentation, no putative rbES were derived in 
both iFLY and 3i medium. Consistently, rbES 
with domed shaped morphology were derived 
and maintained using 3i medium supplement-
ed with bFGF and LIF. Withdrawing of bFGF in 
the culture medium caused immediate differ-
entiation of the rbES in both domed (3i) and  
flat (iFLY) rbES colonies [14]. These evidences 
show similar bFGF requirements in both human 
and rabbit ES. It has been shown that, compar-
ing to mouse embryos, rabbit embryos have a 
more similar pattern of preimplantational deve- 
lopment and lineage formation to that of human 
embryos [42]. For example, in human and rab-
bit embryos, Oct4 expression was detected at 
8-cell stage in both human [43] and rabbit 
embryos [42] indicating both human and rabbit 
embryos possess zygotic genome activation 
(ZGA) at same embryonic stage, and it is further 
present in both the inner cell mass (ICM) and 
the trophectoderm (TE) cells [42, 44]; whereas 
in mice Oct4 is expressed at 2-cell stage and 
restrictively expressed in the ICM, but not in the 
TE of a blastocyst [45, 46].

The domed rbES were not only morphologically 
resemble to naïve mouse ES, but also showed 
with naïve ES markers such as Rex1 and ERAS 
[34] in addition to those common ES pluripo-
tent makers, Oct4, Klf4, sox2 and c-myc (Figure 
1D) [34]. We routinely derive mouse ES with 2i 
medium (PD032590, CHIR99021) that contrib-
utes to germline transmission in our lab (Du et 
al. unpublished data). The expression pattern 
of molecular markers was similar between rab-
bit blastocysts and domed rbES. In contrast, 
rbES derived from iFLY medium possessed 
large and flat cell colonies, and naïve Rex1 and 
ERAS markers were not expressed. Likewise, 
naïve cell makers available in our laboratory, 

such as Rex1, Klf4 and Fgf4 [9], were shown in 
domed rbES (Figure 2), but not in flat rbES  
(data not shown). These significantly different 
morphological and molecular properties be- 
tween domed (3i) and flat (iFLY) rbES provide 
evidences toward a naïve state rabbit ES. We 
further differentiates domed rbES into cardiac 
beating cells in vitro. Although primed ES can 
have the similar potential, this capability of dif-
ferentiation from domed rbES proved the pos-
sibility of further differentiation. Further in vivo 
differentiation testing was not yet performed in 
this study due to funding limitation. In future 
study, we will perform a large chimera and ES 
complementation study to examine its in vivo 
differentiation and test the potential of germ 
line transmission. However, the results and 
detailed information from this study provides 
the scientific community a novel approach and 
inherent mechanism for the purpose of deriving 
authentic rabbit ES, a very important species to 
human disease model. 

It is believed that Yamanaka factors, which 
were originally reported in  induced pluripotent 
stem cells, may improve the chance of deriving 
naïve rbES [47]. Exogenous expression of four 
factors (Oct4, Klf4, Sox2, c-Myc) or modified 
combinations of some factors in embryos or 
cells are capable of inducing somatic cells into 
naïve state in some species. Overexpression of 
Yamanaka factors in pig ES enhanced the deri-
vation of naïve-like ES [48]. Likewise, introduc-
tion of these factors in the derivation process 
led to the establishment of naïve-like rabbit 
iPSCs [49]. This approach may be particularly 
useful for initial derivation and/or conversion of 
primed rbES cells to naïve states [26]. We envi-
sion that optimized application of three catego-
ries of factors (i.e. growth factors, inhibitors 
and Yamanaka factors) would ultimately lead to 
the development of authentic rabbit ES: First, 
use Yamanaka factors to induce or reset the 
cells into a naïve pluripotent status; second, 
supply growth factors (e.g. LIF and bFGF) to 
sustain the self-renewal; and third, use inhibi-
tors of differentiation to prevent the cells exit 
from the naïve state.

In summary, we have successfully derived do- 
med rbES cells with the properties of naïve ES 
by three small molecules (3i) inhibiting MEK 
(PD032590), GSK (CHIR99021) and PKC (Gö- 
6983) signal pathway. Embryonic rbES derived 
by 3i medium possess the similar morphologi-
cal and molecular characteristics to mouse 
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naïve ES, but much distinct to flat rbES derived 
from iFLY [14]. This may pave the way to derive 
naïve rbES, which are very important for study 
of rbES differentiation into germline transmis-
sion and finally toward therapeutic and genetic 
modification as unique models for many human 
diseases. 

Acknowledgements

This work was supported by the National Na- 
tural Science Foundation of China (grant num-
bers 31340041, 31471388, 31872353 to FD), 
Premium Science and Technology Foundation 

of Jiangsu Province of China, and Major Program 
of Natural Science Research of Jiangsu Higher 
Education Institutions of China (grant number 
14KJA180003 to FD).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Fuliang Du, Jiangsu 
Key Laboratory for Molecular and Medical Biote- 
chnology, College of Life Sciences, Nanjing Normal 
University, #1 Wenyuan Rd, Nanjing 210046, Jiang- 
su, P. R. China. Tel: +86-25-85898011; E-mail: fu- 

Figure 2. Immunochemistry characterization of domed rbES cells derived and maintained in 3i system. Immunos-
taining of domed rbES at passage 5 was performed by first antibody to Oct4 (1:1,000,000) (A1-A4), Nanog (1:1000) 
(B1-B4), Klf4 (1:200) (C1-C4), Fgf4 (1:50) (D1-D4) and Rex1 (1:1,000) (E1-E4), subsequently by secondary antibody 
Goat IgG H&L (FITC) (1:1000). The rbES showed positive staining of five pluripotent stem cell markers, while Fgf4 
and Rex1 were mouse naïve ES markers. Bar=100 µm.

mailto:fuliangd@njnu.edu.cn


Deriving domed rabbit ES

5131	 Am J Transl Res 2019;11(8):5122-5133

liangd@njnu.edu.cn; Dr. Qiping Zheng, Department 
of Hematological Laboratory Science, Jiangsu Key 
Laboratory of Medical Science and Laboratory 
Medicine, School of Medicine, Jiangsu University. 
Zhenjiang 212013, Jiangsu, P. R. China. E-mail: qp_
zheng@hotmail.com

References

[1]	 Fan J and Watanabe T. Transgenic rabbits as 
therapeutic protein bioreactors and human 
disease models. Pharmacol Ther 2003; 99: 
261-82.

[2]	 Duranthon V, Beaujean N, Brunner M, Odening 
KE, Santos AN, Kacskovics I, Hiripi L, Weinstein 
EJ and Bosze Z. On the emerging role of rabbit 
as human disease model and the instrumental 
role of novel transgenic tools. Transgenic Res 
2012; 21: 699-713.

[3]	 Qiu Z, Liu M, Chen Z, Shao Y, Pan H, Wei G, Yu 
C, Zhang L, Li X, Wang P, Fan HY, Du B, Liu B, 
Liu M, Li D. High-efficiency and heritable gene 
targeting in mouse by transcription activator-
like effector nucleases. Nucleic Acids Res 
2013; 41: e120. 

[4]	 Midic U, Hung PH, Vincent KA, Goheen B, 
Schupp PG, Chen DD, Bauer DE, Vandevoort 
CA and Latham KE. Quantitative assessment 
of timing, efficiency, specificity and genetic mo-
saicism of CRISPR/Cas9-mediated gene edit-
ing of hemoglobin beta gene in rhesus monkey 
embryos. Hum Mol Genet 2017; 26: 2678-
2689.

[5]	 Veres A, Gosis BS, Ding Q, Collins R, 
Ragavendran A, Brand H, Erdin S, Talkowski 
ME and Musunuru K. Low incidence of off-tar-
get mutations in individual CRISPR-Cas9 and 
TALEN targeted human stem cell clones de-
tected by whole-genome sequencing. Cell 
Stem Cell 2014; 15: 27-30.

[6]	 Gu B, Posfai E and Rossant J. Efficient genera-
tion of targeted large insertions by microinjec-
tion into two-cell-stage mouse embryos. Nat 
Biotechnol 2018; 36: 632-637.

[7]	 Masahito I and Katsutoshi H. A new simple 
method for introducing an unmarked mutation 
into a large gene of non-competent Gram-
negative bacteria by FLP/FRT recombination. 
BMC Microbiol 2013; 13: 86.

[8]	 Dunn SJ, Martello G, Yordanov B, Emmott S 
and Smith AG. Defining an essential transcrip-
tion factor program for naïve pluripotency. 
Science 2014; 344: 1156-1160.

[9]	 Nichols J and Smith A. Naive and primed plu-
ripotent states. Cell Stem Cell 2009; 4: 487-
492.

[10]	 Ying QL, Wray J, Nichols J, Batlle-Morera L, 
Doble B, Woodgett J, Cohen P and Smith A. The 

ground state of embryonic stem cell self-re-
newal. Nature 2008; 453: 519-523.

[11]	 Graves KH and Moreadith RW. Derivation and 
characterization of putative pluripotential em-
bryonic stem cells from preimplantation rabbit 
embryos. Mol Reprod Dev 1993; 36: 424-433.

[12]	 Osteil P, Moulin A, Santamaria C, Joly T, 
Jouneau L, Aubry M, Tapponnier Y, Archilla C, 
Schmaltz-Panneau B, Lecardonnel J, Barasc H, 
Mouney-Bonnet N, Genthon C, Roulet A, 
Donnadieu C, Acloque H, Gocza E, Duranthon 
V, Afanassieff M and Savatier P. A panel of em-
bryonic stem cell lines reveals the variety and 
dynamic of pluripotent states in rabbits. Stem 
Cell Reports 2016; 7: 383-398.

[13]	 Savatier P, Osteil P and Tam PP. Pluripotency of 
embryo-derived stem cells from rodents, lago-
morphs, and primates: slippery slope, terrace 
and cliff. Stem Cell Res 2017; 19: 104-112.

[14]	 Du F, Chen CH, Li Y, Hu Y, An LY, Yang L, Zhang 
J, Chen YE and Xu J. Derivation of rabbit em-
bryonic stem cells from vitrified-thawed em-
bryos. Cell Reprogram 2015; 17: 453-662.

[15]	 Li P, Tong C, Mehrian-Shai R, Jia L, Wu N, Yan Y, 
Maxson RE, Schulze EN, Song H, Hsieh CL, 
Pera MF, Ying QL. Germline competent embry-
onic stem cells derived from rat blastocysts. 
Cell 2008; 135: 1299-1310.

[16]	 Buehr M, Meek S, Blair K, Yang J, Ure J, Silva J, 
Mclay R, Hall J, Ying QL and Smith A. Capture 
of authentic embryonic stem cells from rat 
blastocysts. Cell 2008; 135: 1287-1298.

[17]	 Xue F, Ma Y, Chen YE, Zhang J, Lin TA, Chen CH, 
Lin WW, Roach M, Ju JC and Yang L. 
Recombinant rabbit leukemia inhibitory factor 
and rabbit embryonic fibroblasts support the 
derivation and maintenance of rabbit embry-
onic stem cells. Cell Reprogram 2012; 14: 
364-376.

[18]	 Dutta D, Ray S, Home P, Larson M, Wolfe MW 
and Paul S. Self-renewal versus lineage com-
mitment of embryonic stem cells: protein ki-
nase C signaling shifts the balance. Stem Cells 
2011; 29: 618-628.

[19]	 Ganeshkumar R, Debasree D, James H, 
Arindam P, Biswarup S, Biraj M, Soma R, Pratik 
H, Avishek G and Weiss ML. Inhibition of pro-
tein kinase C signaling maintains rat embry-
onic stem cell pluripotency. J Biol Chem 2013; 
288: 24351-24362.

[20]	 Ware CB, Nelson AM, Mecham B, Hesson J, 
Zhou W, Jonlin EC, Jimenez-Caliani AJ, Deng X, 
Cavanaugh C, Cook S, Tesar PJ, Okada J, 
Margaretha L, Sperber H, Choi M, Blau CA, 
Treuting PM, Hawkins RD, Cirulli V, Ruohola-
Baker H. Derivation of naive human embryonic 
stem cells. Proc Natl Acad Sci U S A 2014; 111: 
4484-4489.

mailto:fuliangd@njnu.edu.cn
mailto:qp_zheng@hotmail.com
mailto:qp_zheng@hotmail.com


Deriving domed rabbit ES

5132	 Am J Transl Res 2019;11(8):5122-5133

[21]	 Warrier S, Popovic M, Van der Jeught M, Hein-
dryckx B. Establishment and characterization 
of naïve pluripotency in human embryonic 
stem cells. Methods Mol Biol 2016; 1516: 13-
46.

[22]	 Qin H, Hejna M, Liu Y, Percharde M, Wossidlo 
M, Blouin L, Durruthy-Durruthy J, Wong P, Qi Z, 
Yu J, Qi LS, Sebastiano V, Song JS, Ramalho-
Santos M. YAP induces human naive pluripo-
tency. Cell Rep 2016; 14: 2301-2312.

[23]	 Chan YS, Göke J, Ng JH, Lu X, Gonzales KA, Tan 
CP, Tng WQ, Hong ZZ, Lim YS and Ng HH. In-
duction of a human pluripotent state with dis-
tinct regulatory circuitry that resembles preim-
plantation epiblast. Cell Stem Cell 2013; 13: 
663-675.

[24]	 Fang R, Liu K, Zhao Y, Li H, Zhu D, Du Y, Xiang 
C, Li X, Liu H and Miao Z. Generation of naive 
induced pluripotent stem cells from rhesus 
monkey fibroblasts. Cell Stem Cell 2014; 15: 
488-496.

[25]	 Anne C, Candice B, Ian G, Nadine S, Leah Rae 
D, Anna-Katerina H and Reinholdt LG. Deriva-
tion and characterization of mouse embryonic 
stem cells from permissive and nonpermissive 
strains. Nat Protoc 2014; 9: 559-574.

[26]	 Takashima Y, Guo G, Loos R, Nichols J, Ficz G, 
Krueger F, Oxley D, Santos F, Clarke J and Man-
sfield W. Resetting transcription factor control 
circuitry toward ground-state pluripotency in 
human. Cell 2015; 162: 452-453.

[27]	 Gafni O, Weinberger L, Mansour AA, Manor YS, 
Chomsky E, Ben-Yosef D, Kalma Y, Viukov S, 
Maza I, Zviran A, Rais Y, Shipony Z, Mukamel Z, 
Krupalnik V, Zerbib M, Geula S, Caspi I, Schneir 
D, Shwartz T, Gilad S, Amann-Zalcenstein D, 
Benjamin S, Amit I, Tanay A, Massarwa R, 
Novershtern N, Hanna JH. Derivation of novel 
human ground state naive pluripotent stem 
cells. Nature 2013; 504: 282-286.

[28]	 Leonard R. The role of noggin in human mes-
enchymal stem cell differentiation. J Cell Bio-
chem 2010; 100: 824-834.

[29]	 Wang S, Shen Y, Yuan X, Chen K, Guo X, Chen 
Y, Niu Y, Li J, Xu RH, Yan X, Zhou Q, Ji W. Dis-
secting signaling pathways that govern self-re-
newal of rabbit embryonic stem cells. J Biol 
Chem 2008; 283: 35929-35940.

[30]	 Jiang Y, Kou Z, Wu T, An W, Zhou R, Wang H, 
Gao Y, Gao S. Xist deficiency and disorders of 
X-inactivation in rabbit embryonic stem cells 
can be rescued by transcription-factor-mediat-
ed conversion. Stem Cells Dev 2014; 23: 
2283-2296.

[31]	 Leitch HG, Kate B, William M, Harold A, Peter 
H, Jennifer N, M Azim S and Austin S. Embry-
onic germ cells from mice and rats exhibit 
properties consistent with a generic pluripo-

tent ground state. Development 2010; 137: 
2279-2287.

[32]	 Nichols J, Jones K, Phillips JM, Newland SA, 
Roode M, Mansfield W, Smith A, Cooke A. Vali-
dated germline-competent embryonic stem 
cell lines from nonobese diabetic mice. Nat 
Med 2009; 15: 814-818.

[33]	 Kathryn B, Jason W and Austin S. The libera-
tion of embryonic stem cells. PLoS Genet 
2011; 7: e1002019.

[34]	 Weinberger L, Ayyash M, Novershtern N and 
Hanna JH. Dynamic stem cell states: naive to 
primed pluripotency in rodents and humans. 
Nat Rev Mol Cell Biol 2016; 17: 155-69.

[35]	 Gafni O, Weinberger L, Mansour AA, Manor YS, 
Chomsky E, Ben-Yosef D, Kalma Y, Viukov S, 
Maza I, Zviran A, Rais Y, Shipony Z, Mukamel Z, 
Krupalnik V, Zerbib M, Geula S, Caspi I, Schneir 
D, Shwartz T, Gilad S, Amann-Zalcenstein D, 
Benjamin S, Amit I, Tanay A, Massarwa R, 
Novershtern N, Hanna JH. Derivation of novel 
human ground state naive pluripotent stem 
cells. Nature 2013; 504: 282-286.

[36]	 Theunissen TW, Powell BE, Wang H, Mitalipova 
M, Faddah DA, Reddy J, Fan ZP, Maetzel D, 
Ganz K, Shi L, Lungjangwa T, Imsoonthornruk-
sa S, Stelzer Y, Rangarajan S, D’Alessio A, 
Zhang J, Gao Q, Dawlaty MM, Young RA, Gray 
NS, Jaenisch R. Systematic identification of 
culture conditions for induction and mainte-
nance of naive human pluripotency. Cell Stem 
Cell 2014; 15: 471-487.

[37]	 Kim H, Wu J, Ye S, Tai CI, Zhou X, Yan H, Li P, 
Pera M and Ying QL. Modulation of β-catenin 
function maintains mouse epiblast stem cell 
and human embryonic stem cell self-renewal. 
Nat Commun 2013; 4: 2403.

[38]	 Takahashi S, Kobayashi S and Hiratani I. Epi-
genetic differences between naive and primed 
pluripotent stem cells. Cell Mol Life Sci 2018; 
75: 1191-1203.

[39]	 Li J, Wang G, Wang C, Zhao Y, Zhang H, Tan Z, 
Song Z, Ding M and Deng H. MEK/ERK  
signaling contributes to the maintenance of 
human embryonic stem cell self-renewal. Dif-
ferentiation 2007; 75: 299-307.

[40]	 Yeo JC and Ng HH. The transcriptional regula-
tion of pluripotency. Cell Res 2013; 23: 20-32.

[41]	 Riley JK, Carayannopoulos MO, Wyman AH, Chi 
M, Ratajczak CK and Moley KH. The PI3K/Akt 
pathway is present and functional in the preim-
plantation mouse embryo. Dev Biol 2005; 
284: 377-86.

[42]	 Chen CH, Xu J, Chang WF, Liu CC, Su HY, Chen 
YE, Du F, Sung LY. Dynamic profiles of Oct-4, 
Cdx-2 and acetylated H4K5 in in-vivo-derived 
rabbit embryos. Reprod Biomed Online 2012; 
25: 358-370.



Deriving domed rabbit ES

5133	 Am J Transl Res 2019;11(8):5122-5133

[43]	 Gao L, Wu K, Liu Z, Yao X, Yuan S, Tao W, Yi L, 
Yu G, Hou Z, Fan D, Tian Y, Liu J, Chen ZJ and 
Liu J. Chromatin accessibility landscape in hu-
man early embryos and its association with 
evolution. Cell 2018; 173: 248-259.

[44]	 Berg DK, Smith CS, Pearton DJ, Wells DN, 
Broadhurst R, Donnison M and Pfeffer PL. 
Trophectoderm lineage determination in cat-
tle. Dev Cell 2011; 20: 244-55.

[45]	 Dietrich JE, Hiiragi T. Stochastic patterning in 
the mouse pre-implantation embryo. Develo- 
pment 2007; 134: 4219-4231.

[46]	 Yeom YI, Fuhrmann G, Ovitt CE, Brehm A, Ohbo 
K, Gross M, Hubner K and Scholer HR. Ger- 
mline regulatory element of Oct-4 specific for 
the totipotent cycle of embryonal cells. De- 
velopment 1996; 122: 881-894.

[47]	 Takahashi K and Yamanaka S. Induction of 
pluripotent stem cells from mouse embryonic 
and adult fibroblast cultures by defined fac-
tors. Cell 2006; 51: 2346-2351.

[48]	 Park TY, Choi KH, Lee DK, Oh JN, Kim SH and 
Lee CK. Attempting to convert primed porcine 
embryonic stem cells into a naive state through 
the overexpression of reprogramming factors. 
Cell Reprogram 2018; 20: 289-300.

[49]	 Afanassieff M, Tapponnier Y and Savatier P. 
Generation of induced pluripotent stem cells in 
rabbits. Methods Mol Biol 2016; 1357: 149-
72.


